Chemotaxis toward amino acids by Bdellovibrio bacteriovorus strain UKi2 was studied by the capillary technique of Adler (J. Gen. Microbiol. 74:77-91, 1973). Chemotaxis was shown to be optimal when the capillaries were incubated at between 15 and 40°C for 30 min; the optimal pH was between 7.0 and 8.2. The chemotactic response was proportional to the density of the suspension of bdellovibrios up to a density of 108 cells/ml. B. bacteriovorus was attracted to Lasparagine, L-cysteine, L-glutamine, glycine, i-histidine, L-lysine, and L-threonine. The possible roles of chemotaxis in the life of B. bacteriovorus are discussed.
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Bdellovibrio bacteriovorus is a vibrio-shaped bacterium that preys on other gram-negative bacteria. These small, rapidly motile cells are highly sensitive to starvation (7) . Despite this sensitivity, bdellovibrios can be found in environments, such as marine waters (11, 16) , that contain a relatively low population of potential prey cells.
At this point, it is unclear how B. bacteriovorus can find a prey cell in such environments. Certainly, B. bacteriovorus would gain a selective advantage if it could locate prey species by using a chemotactic response either to compounds released by prey cells or to compounds (nutrients) likely to attract prey cells. It has recently been shown that B. bacteriovorus is capable of responding to chemical stimuli (15) . Thus, there is a possibility that chemotaxis is involved in the relationship ofB. bacteriovorus and its prey.
To understand the survival value of chemotaxis for B. bacteriovorus, it would be useful to know what types of compounds are attractive to bdellovibrios. It has previously been shown that these cells can oxidize and incorporate amino acids but do not incorporate carbohydrates (6) , and that starvation of bdellovibrios in the absence ofprey is relieved by amino acids (7) . Furthermore, some amino acids serve as attractants as well as sources of carbon and energy for potential prey cells such as Escherichia coli (8) and Salmonella typhimurium (3) . Therefore, chemotactic attraction to amino acids might offer a selective advantage to B. bacteriovorus by enabling bdellovibrios to locate environments containing nutrients that would relieve their starvation as well as attract and support the growth of potential prey cells.
Amino acids, therefore, were the first substances examined in a survey of compounds for attractiveness to B. bacteriovorus. This report presents our observations on the chemotactic response of B. bacteriovorus strain UKi2 to amino acids and on the optimal conditions for eliciting a chemotactic response by this organism.
MATERIALS AND METHODS Bacteria. B. bacteriovorus strain UKi2, a facultatively predacious strain, was used in these studies (5) .
Escherichia coli B, obtained from D. Abram, Purdue University, served as the substrate organism for propagation of B. bacteriovorus strain UKi2.
Cultivation of bacteria. Peptone-yeast extract (2) broth was used as the medium for growth ofE. coli B. The cells were inoculated (from a colony on an agar plate) into 250-ml volumes in 500-ml Erlenmeyer flasks and grown at 30°C in a gyratory shaker incubator (New Brunswick Scientific Co., New Brunswick, N.J.). Overnight cultures were harvested by centrifugation (4,000 x g) and then washed by resuspension in an equal volume of dilute nutrient broth (organic components from Difco) supplemented with 0.003 M MgCl2 and 0.002 M CaCl2 (DNB) (13) . The cells were then centrifuged and suspended in an equal volume of DNB. This suspension was stored at 4°C for as long as 4 weeks and used both for the growth ofB. bacteriovorus in liquid medium and as a source of E. coli for lawn formation for plaque assays. 
tricine buffer, and L-valine of the highest purity available from Sigma Chemical Co., St. Louis, Mo.
When tested in a chemotaxis experiment, the chemicals were dissolved in suspending medium, the pH was adjusted to 7.35 with NaOH, and the solution was sterilized by passage through a membrane filter having an average pore diameter of 0.45 g.m (Nalge, Rochester, N.Y.). All dilutions of the compounds were also made in suspending medium.
Chemotaxis assay. At the beginning of each experiment, 10 ml of the final 12-h B. bacteriovorus culture was passed through a membrane filter of pore size 1.2 Am (Millipore Corp., Bedford, Mass.) to remove any remaining prey cells and aggregates of bdellovibrios (20) . The bdellovibrios were then collected on a membrane filter of pore size 0.22 ,um (Millipore) and washed once by suspension in 10 ml of suspending medium. The cells were again collected on the filter; the filter was then inverted, and the cells were harvested by passing 3 ml of the suspending medium through the filter (15) . The resulting suspension of bdellovibrios was then enumerated with a Petroff-Hausser counting chamber (5) and appropriately diluted with suspending medium. Microscopic examinations of the cultures at this time consistently revealed highly motile vibrios.
At this point, a viable count was made of the number of cells in the suspension by plating a portion of the diluted culture on double-layer agar plates. These were prepared as previously described (5) After the appropriate incubation period (see Results), the capillaries were removed and the outside was washed with distilled water. The sealed ends of the capillaries were broken, and, with the aid of the rubber bulb supplied with the capillaries, the contents were expelled into 9 ml of DNB. If needed, dilutions of these suspensions were also made in DNB. Duplicate 0.1-ml samples of the resulting suspensions were then plated on double-layer agar plates. These plates were stacked inside polyethylene bags (to retard drying) and incubated in an inverted position at 300C for 3 to 4 days. The number of bdellovibrios was counted as plaque-forming units. The number of cells that had entered each capillary tube was then calculated from the number of plaque-forming units counted on the plates. For each experiment, capillaries containing only suspending medium were used to measure the number of cells that entered due to random swimming. Capillaries containing 0.5% (wt/vol) yeast extract (Difco) served as a control for the chemotactic ability of the cells.
Capillaries containing NaCl (a weak attractant) were used to obtain an estimate of the attraction to the sodium used in titrating the amino acid. At present, we cannot rule out the possibility that the chloride ion contributes to the attraction to NaCl (however, we do have data showing that some other anions, along with sodium, elicit the same attraction as does NaCl); nonetheless, this test offers a useful first-order correction for the data (see Results).
The terms response, background, concentrationresponse curve, peak concentration (or peak), peak response, threshold, and attractant are used as defined by Mesibov and Adler (10) .
RESULTS
Assay conditions. In the capillary technique of Adler (1), a small chamber is formed by placing a cover slip over a U-shaped glass tube on a glass or lucite plate. The chamber is filled with a suspension of bdellovibrios; a capillary pipette is inserted, and the arrangement is allowed to stand for several minutes. During this time, a concentration gradient of the test substance is established in the bacterial suspension. If the substance is an attractant, the bdellovibrios will swim up the gradient and into the capillary. The capillary is then withdrawn, its contents are expelled into DNB, and the number of bdellovibrios in the resulting suspension is determined by plating a portion of the suspension on agar-hardened growth medium. The number of cells entering a capillary is a measure of the chemotactic response to the substance in the capillary.
To determine the optimal conditions for assaying chemotaxis, several parameters of the capillary technique were studied, using 0.5% yeast extract as the attractant. This concentration is at or near the peak concentration for this attractant (15; unpublished data). Figures 1  through 4 show the results obtained.
The first parameter varied was the length of incubation of the capillaries in the bacterial suspensions (Fig. 1) 2. At the pH tested with istrates that temperature had an effect on both buffer systems (7.4), the chemotactic and by (motility increased linearly between 6 background responses by the bdellovibrios in 5°C), but this effect was much weaker the two buffer systems were in agreement he effect on chemotaxis (with yeast ex-within experimental error. The response was 6 to 150C).
relatively constant between pH 7.0 and 8.2. incubation temperature of 30°C was used This correlates well with the optimum pH e remainder of the experiments, since range for growth of this organism, pH 6.5 to 8.0 vas the temperature at which the cells (5). At pH 6.6 there was a noticeable decrease rown and was within the range of tem-in the number of cells entering the capillaries res optimal for chemotaxis.
both with and without yeast extract. Microwre 3 shows the effect of varying the pH of scopic observation revealed apparently normal spending medium on chemotaxis toward motility at pH 8.2, whereas cells at pH 6.6 exextract and on random swimming by B. hibited reduced motility. This could account for covorus. Two buffer systems were used to the decreased background response and perpH values between 6.6 and 8.2: PIPES haps, in part, for the decreased chemotactic between pH 6.6 and 7.4 and tricine buffer response observed at pH 6.6.
Since pH 7.35 was within the optimum pH range and was near the pH of the medium in which the cells were grown (pH 7.2), all other experiments were done at this pH.
The last feature of the assay system studied was the relation between the cell density in the (Fig. 4) cine buffer only (no yeast extract; random coli (1), 4% (in 30 min) for B. subtilis (18) , and 5 ing).
to 10%/ (in 1 h) for the Streptococcus (19 [1] , respectively). The levels for B . subtilis and for the Streptococcus were about one-tenth of this value (0.01% for B. subtilis [18] and 0.009% for the Streptococcus [19] ). The higher background value for B. bacteriovorus is probably due to both the rapid motility of these cells and a higher concentration of these cells in the pond.
Chemotaxis to amino acids. Figure 5 shows the concentration-response curves for the attractant amino acids. The experiments for most amino)acids were repeated at least once, and Figure 5 shows representative data obtained in single experiments. Each point represents the average number of cells contained in two capillary tubes. (Recall, when reading the figure, that a response to a capillary co ti iin a given concentration of attractant means that the cells are responding to a gradient that has that concentration as the maximum concentration. The initial response of the cells must be to a concentration less than that initially present in the capillary.)
The data in the concentration-response curves show that lysine, glutamine, asparagine, histidine, cysteine, threonine, and glycine were attractants. Histidine, glutamine, and asparagine elicited the largest responses, whereas lysine was detected at the lowest concentration. Cysteine, glycine, and threonine were only very weakly attractive. The other amino acids commonly found in proteins were tested but did not act as attractants. In addition, the two -amino acids commonly present in the cell walls of potential prey bacteria were also tested. Neither n-alanine nor 1)-glutamate was attractive to B. bacteriovorus strain UKi2.
DISCUSSION
Using the capillary method of Adler (1) , optimum conditions for measuring chemotaxis have been determined for E. coli (1), Bacillus subtilis, (18) , and a motile Streptococcus (19) . In contrast to Bdellovibrio bacteriovorus, these bacteria all showed significant decreases in the numbers of cells responding to amino acids at 25°C as compared with 30°C. Because of the strong temperature dependence of chemotaxis by E. coli, Adler suggested that the fluidity of the membranes may play a role in the mechanism of chemotaxis (1) . This view has been supported in experiments with a fatty acid auxotroph ofE. coli (9) . The ability ofB. bacteriovorus to show a strong chemotactic response at lower temperatures suggests that there may be a difference in the fluidity of the membranes of B. bacteriovorus as compared with that of E. coli, B. subtilis, or the motile Streptococcus.
The attractiveness of amino acids to B. bacteriovorus can be compared with the results obtained by the other investigators for E. coli (10), B. subtilis, (18) , and the motile Streptococcus (19) . Both gram-positive bacteria are attracted to all of the common amino acids, and they are strongly attracted to hydrophobic amino acids (4) . These amino acids either are not attractive or are repellents for B. bacteriovorus (unpublished data) and for E. coli (17) . Only four amino acids (asparagine, cysteine, glycine, and threonine) are attractive to all of the bacteria studied.
In general, E. coli is attracted to amino acids it can oxidize (10), although there are a few exceptions. Information concerning the metabolism of amino acids by various strains of B. (14) reported that B. bacteriovorus strain 6-5-S could oxidize glutamine, glutamate, and asparagine. Two of these, glutamine and asparagine, are attractants for B. bacteriovorus strain UKi2. Ishiguro (8) has studied the utilization of amino acids as carbon and energy sources for nonpredacious derivatives of B. bacteriovorus strain 109D. Of the eleven amino acids that supported growth, three (asparagine, glutamine, and histidine) acted as attractants to B. bacteriovorus strain UKi2. Eight amino acids failed to support growth, and of these, three (cysteine, glycine, and lysine) acted as attractants to B. bacteriovorus strain UKi2. One must be conservative about drawing conclusions from these data, since different strains of B. bacteriovorus were used. However, the data are consistent with the view that B. bacteriovorus does not appear to be strongly attracted to amino acids that it is likely to metabolize.
There 
